Viruses are biotrophic pathogens that utilize the cellular machinery of a host for successful invasion. Disease establishment relies on compatible or incompatible interactions between the virus and host factors. An incompatible interaction of a virulent avr protein (effector) with the R protein (plant receptor) can lead to the development of disease resistance against the invading pathogen 1 , triggering biochemical and physiological changes that are accompanied by the hypersensitive response and/or systemic acquired resistance. These cellular events lead to regulation/activation of defence-related plant genes, which results in cessation of viral replication at sites of entry or virus movement [1] [2] [3] . In contrast, a compatible interaction between a virus and host renders the plant susceptible to pathogen attack. The generation of reactive oxygen species (ROS), e.g., hydrogen peroxide (H 2 O 2 ) and superoxide radical (O 2− ), also known as the oxidative burst, is considered to be the earliest response shown by plant cells to biotic stress 4 . To protect cells from the deleterious effects of H 2 O 2 , antioxidant enzymes such as catalase help to detoxify H 2 O 2 . Catalases are mainly present in peroxisomes and can be classified into three classes: Class I, which are abundant in photosynthetic tissues; Class II, which are present in vascular tissues; and Class III, which are expressed in reproductive tissues. Catalase1 (Cat1), Catalase2 (Cat2) and Catalase3 (Cat3) are type members of Classes III, I and II, respectively 5 . To counter viral attack, plants primarily deploy RNA-silencing mechanisms involving sequence-specific degradation of invading viral nucleic acids. The virus-derived dsRNAs are recognized, cleaved, and loaded onto the RNA-induced silencing complex (RISC); target the cognate viral RNAs for degradation 6 . Viruses encode suppressor(s)/pathogenicity protein(s) to suppress the antiviral defence response of the host [7] [8] [9] [10] .
The genus Begomovirus of family Geminiviridae is one of the largest genera comprising of >325 members 11 . Members of the genus are ssDNA viruses; the genetic material is encapsulated in twinned icosahedral particles, may be organized monopartite or bipartite material (on the basis of genomic DNA circles) and replicates via rolling circle replication (RCA) 12 . Tomato leaf curl Palampur virus (ToLCPalV) is a bipartite begomovirus that infects tomato, cucurbits and beans in Asia [13] [14] [15] . DNA-A possesses six open reading frames (ORFs): AV1 and AV2 are present on the virion sense strand, and AC1, AC2, AC3 and AC4 are present on the virion antisense strand. The DNA-B component comprises the BV1 and BC1 ORFs on the virion sense and antisense strands, respectively. These ORFs encode the coat protein (AV1), precoat protein (AV2), replication initiator protein (AC1), transcription activator protein (AC2), replication enhancer protein (AC3), AC4 protein, nuclear shuttle protein (BV1) and movement protein (BC1). A ~14-kDa protein encoded by the AV2 ORF of DNA-A overlaps with the AV1 ORF at its C-terminus 13 . Regarding monopartite tomato-infecting begomoviruses, the homologous V2 ORF/movement protein of tomato yellow leaf curl virus (TYLCV), tomato yellow leaf curl China virus (TYLCChV), tomato yellow leaf curl Java virus (TYLCJV) and tomato yellow leaf curl Sardinia virus (TYLCSV) have been reported to suppress RNA silencing by the host 10, [16] [17] [18] [19] . Specifically, TYLCV V2 has been shown to bind to SGS3 or dsRNA to prevent amplification of siRNA during RNA silencing 9, 20 . The V2 protein of TYLCV targets a cysteine protease (a papain-like cysteine protease) involved in plant defence 21 and also mediates the nucleo-cytoplasmic shuttling of viral DNA in host 22 . Although viral suppressors have evolved to counter the RNA silencing mechanism, it is clear that they can also target other defence components of the host.
In the present study, we examined the role of the ToLCPalV AV2 protein with regard to the pathogenesis of infection. Here, we show that AV2 interacts with the free radical-scavenging Cat2 protein and induces systemic necrosis-like responses by regulating the levels of host Cat2 transcript. AV2 was also found to suppress virus-induced gene silencing by the host.
Results
The N-terminal region of the AV2 protein is involved in systemic necrosis and ROS generation in Nicotiana benthamiana. Primers were designed to generate an N-terminal deletion mutant lacking the 10 amino acids from N-terminal of AV2 (AV2Δ10N). Both the full-length and the deletion mutant were cloned into a PVX-based vector (pGR106) under control of the CaMV35S promoter. PVX-AV2 (366 bp), N-terminal deletion mutant PVX-AV2Δ10N (336 bp), (Fig. 1b) and the empty vector (pGR106) were inoculated into fourweek-old N. benthamiana plants through agrobacterium-mediated infiltration (GV3101 strain). At 8 days post-inoculation (dpi), typical mild mosaic symptoms were observed in plants infiltrated with the pGR106 vector (control), PVX-AV2 and PVX-AV2Δ10N. By 14 dpi, the PVX-AV2-infiltrated plants displayed severe mosaic and leaf deformations with necrotic lesions. In contrast, the PVX-and PVX-AV2Δ10N-infiltrated plants exhibited mosaic-like symptoms with dark green patches (Fig. 1c) . As anticipated, the AV2 protein was detected in both the PVX-AV2-and PVX-AV2∆10N-infiltrated plants in western blot analysis, with corresponding bands of ~28 kDa (dimer), (Fig. 2a) . As the appearance of necrotic lesions is usually associated with overproduction of ROS, such as H 2 O 2 ; N. benthamiana leaves (14 dpi) were treated with a 3,3′-diaminobenzidine (DAB)-HCl solution. PVX-AV2-infiltrated leaves displayed accumulation of a brown-coloured product, whereas the PVX-AV2∆10N-and PVX-infiltrated plants did not develop this brown colour after DAB-HCl treatment. Subsequently, after nitroblue tetrazolium (NBT) staining for the detection of superoxide radical (O 2 − ), accumulation of a blue-coloured product was observed in N. benthamiana leaves expressing PVX-AV2 (Fig. 2b) . These results indicate that ectopic expression of AV2 resulted in overproduction of ROS. We also overexpressed the AV2 protein under the control of the CaMV35S promoter in N. benthamiana using leaf disc transformation. We selected 15 regenerated transgenic plants overexpressing the AV2 protein after hygromycin selection; T0 plants were grown under greenhouse conditions, and the presence of a transgene was confirmed by PCR amplification using gene-specific primers. In the initial stages of hardening, the T0 lines displayed a leaf-curling phenotype; however, none of the plants were able to survive at the later stages ( Supplementary Fig. 1 ). These results suggest that stable overexpression of the AV2 protein is detrimental to the normal growth of this plant.
The AV2 protein is indispensable for causing typical virus symptoms during ToLCPalV infection. The agrobacterium-mediated inoculation of infectious clones of ToLCPalV (DNA-A+DNA-B) in N. benthamiana and S. lycopersicum resulted in downward leaf curling, vein thickening, reduced leaf lamina and internode shortening 23 . However, infectious clones of ToLCPalV harbouring a mutated AV2 gene (DNA-A∆AV2+DNA-B) failed to cause such symptoms (Fig. 3a) . Total DNA was extracted from infiltrated plants, and RCA was performed; RCA products were then sequenced with DNA-A-specific primers to confirm the integrity of the mutation in viral progeny. The sequencing results revealed that mutation of the AV2 gene did not alter the remaining DNA-A sequence. The infiltrated leaves were analyzed at 3 dpi to assess the virus replication by real time PCR. The results revealed higher accumulation of AC1 and AV1 transcripts in DNA-A+DNA-B inoculated leaves in comparison to those infiltrated with DNA-A∆AV2+DNA-B (Fig. 3b) . These results indicated the role of AV2 in replication of virus. Southern hybridization was also performed to assess the systemic movement of the virus at 21 dpi. The results showed higher accumulation of single-stranded (ss), super coiled (sc) and open circular (oc) DNA forms, indicating that virus was able to efficiently replicate and move systemically in plants infiltrated with DNA-A+DNA-B. Moreover, among all DNA forms, the amount of ssDNA was highest in these plants at 21 dpi in comparison to plants infiltrated with DNA-A alone or DNA-A∆AV2+DNA-B. In contrast, viral DNA was not detected in plants infiltrated with DNA-A∆AV2 alone, suggesting that AV2 affects the replication as well as the viral DNA accumulation (Fig. 3c) . Further, dimeric form of AV2 was detected in the ToLCPalV infected leaves in an immunoblot analysis (Fig. 3d) .
We also analysed the presence of H 2 O 2 and O 2 -radical in virus-infected S. lycopersicum leaves and found that plants inoculated with DNA-A∆AV2+DNA-B showed reduced ROS accumulation compared to wild type virus inoculated plants at 21 dpi ( Supplementary Fig. 2a ). In addition, ToLCPalV-infected N. benthamiana leaves showed a 2-fold decrease in total Catalase activity in comparison to mock-infiltrated plants ( Supplementary  Fig. 2b ).
AV2 acts as a transcriptional activator in yeast and interacts with host Catalase2. To identify host factors interacting with the AV2 protein, yeast two-hybrid (Y2H) analysis was performed using a tomato cDNA library cloned in the pJG4-5 vector (B42); (a kind gift from Prof. Yedidya Gafni, Israel). Initial assessment of the bait protein's auto-activation potential revealed that the AV2 protein possesses transactivation activity. Therefore, an N-terminal deletion mutant of AV2 cloned in the pEG202 vector (LexA-AV2Δ10N) lacking this activity was used for library screening. We obtained 4 × 10 6 yeast transformants, and six potential candidate clones were selected using yeast nitrogen base galactose lacking uracil, tryptophan, histidine and leucine (YNB (gal) -ura -trp -his -leu) medium. All clones were sequenced, and one of the clones showed similarity to the Catalase2 sequence of S. lycopersicum (Accession number: AF112368) in a BLAST search. Cat2 is a tetrameric enzyme, in which each monomer consists of a haeme-containing prosthetic group, catalyses conversion of H 2 O 2 into water and molecular oxygen. Although the majority of Cat isoforms localize to peroxisomes, the enzyme has recently been found in the cytoplasm, chloroplasts and mitochondria [24] [25] [26] . As the Cat2 isolated from the cDNA library was partial, we amplified a full-length Cat2 from S. lycopersicum (SlCat2) by reverse transcription polymerase chain reaction (RT-PCR) method and cloned it into the pJG4-5 (prey) vector. Interaction between LexA-AV2Δ10N and full-length SlCat2 (B42-SlCat2 FL) was also confirmed in yeast. The absence of non-specific interaction of Cat2 (full length and partial) was confirmed using bicoid homeodomain (pRHFM1), which was unable to grow on leucine deficient medium. The LexA-AC4 and B42-SlOEE plasmids were used as bait and prey negative controls, respectively. The interaction of LexA-AC4 and B42-SlOEE was used as a positive control (unpublished data) in this study. Y2H interactions were confirmed on both leucine deficient selective medium and β-X-gal selective medium (Fig. 4a) . The complete nucleotide sequence of the SlCat2 gene (1479 bp) was submitted to the European Molecular Biology Laboratory (EMBL) database (accession number LN880542).
A docking 3D model of SlCat2 and AV2 was developed using the Hex 8.0.0 server, and a schematic representation of the receptor (SlCat2) and ligand (AV2) has been depicted ( Supplementary Fig. 3 ). AV2 interacts with SlCat2 via residues Asn13, Asn28, Glu57 and Gln253 through hydrophobic interactions and Tyr4, Ser10, Asn27, Asn29, Glu57, Arg58, Tyr256, Asp257, Phe315, Asn247, Ser249, and Gly111 through hydrogen bonding. These interacting amino acids of SlCat2 correspond to the haeme-binding pocket and tetramer interface involved in the conversion of H 2 O 2 into water and O 2 .
In planta interaction of AV2 with SlCat2. Leaf extracts of N. benthamiana transiently expressing SlCat2-cMyc, AV2-HA, SlOEE-cMyc, AC4-HA in bimolecular fluorescence complementation (BiFC) vectors were used to perform an in vivo pull-down assay. An anti-HA antibody was used to capture the protein complex, which was then bound to protein G magnetic beads. SlCat2 (~55 kDa) was detected by western blotting using an anti-Myc antibody (Fig. 4b) . For further confirmation of the Y2H interaction, in vivo interaction between AV2 and SlCat2 was visualized using BiFC, which is based on reconstitution of yellow fluorescent protein (YFP) due to association between non-fluorescent halves. Gene segments encoding the N-and C-terminal fragments of YFP were fused to the AV2 or Cat2 gene and co-infiltrated on the underside of N. benthamiana leaves. Infiltration with AV2-cYFP+ SlCat2-nYFP and AV2-nYFP+SlCat2-cYFP constructs resulted in strong YFP signals in the cytoplasm and along the cell margins. Conversely, no fluorescence was detected in leaves infiltrated with SlCat2-nYFP+AC4-cYFP and AV2-nYFP and SlOEE-cYFP, respectively (Fig. 5) . These results confirm that AV2 interacts with host Cat2 in the cytoplasm.
AV2 exists as a dimer in vivo.
Lex-A-based Y2H studies revealed that AV2 possesses transactivation activity. Therefore, the split-ubiquitin-based Y2H system was used to study self-interaction of AV2. Split ubiquitin-based Y2H is suitable for bait proteins that show auto-activation/transactivation activity. To assess auto-activation potential, pDHB1-AV2 (bait) was transformed along with pPR3N (the prey vector) into the strain NMY51. The transformed yeast colonies did not grow on yeast nitrogen base glucose lacking adenine, leucine, tryptophan and histidine (YNB (glu) -ade -leu -trp -his) medium supplemented with 10 mM 3-AT. In contrast, yeast transformed with the pDHB1-AV2 (bait) and pPR3N-AV2 (prey) plasmids were able to grow on YNB (glu) -ade -leu -trp -his medium supplemented with 10 mM 3-AT, indicating that AV2 interacts with itself in yeast ( Supplementary Fig. 4 ).
AV2 is a suppressor of post-transcriptional gene silencing (PTGS).
The abovementioned activity of AV2 (pathogenicity and symptom determinant) prompted us to evaluate the RNA-silencing suppressor activity of this protein. The agrobacterium strain GV3101 transformed with TRV2-AV2, TRV2-Phytoene desaturase (PDS; VIGS control), TRV2-P19 (positive control) or TRV1 (control) was used in this study. At 14 dpi, plants co-infiltrated with TRV2-PDS+TRV1 displayed a bleaching phenotype in systemic leaves due to the production of siRNAs against the PDS gene, which resulted in silencing of this gene. In the case of plants co-inoculated with TRV2-AV2+TRV2-PDS+TRV1, reduced/suppressed bleaching was observed, indicating interference of AV2 by RNA silencing machinery. N. benthamiana inoculated with TRV2-PDS+TRV2-P19+TRV1 (the suppressor positive control) did not exhibit a bleaching phenotype ( Supplementary Fig. 5a ). Suppression of PDS silencing was further confirmed by semi-quantitative PCR analysis ( Supplementary Fig. 5b ). Western blot analysis of total protein from TRV2-AV2+TRV2-PDS+TRV1, TRV2-PDS+TRV2-P19+TRV1, TRV2-PDS+TRV1 and mock-infiltrated plants was performed to detect the presence of AV2 ( Supplementary Fig. 5c ), and the results revealed the presence of the dimeric form of the viral protein.
Expression of AV2 leads to accumulation of defence-related transcripts involved in priming of the salicylic acid pathway. As ectopic expression of AV2 resulted in formation of necrotic spots and accumulation of ROS, we analysed the expression levels of various genes related to defence responses, including NPR1, PR1, PR5, and Cat2, by quantitative RT-PCR (qRT-PCR). Total RNA was isolated from N. benthamiana leaves infiltrated with the PVX-AV2, PVX-AV2Δ10N and pGR106 vectors at 8 and 21 dpi. In leaves expressing PVX-AV2, expression of PR1, PR5 and NPR1 was 6-, 52-and 15-fold upregulated, respectively, at 8 dpi, whereas Cat2 gene expression was found to be 100-fold downregulated (Fig. 6a) . At 21 dpi, no significant changes in Cat2 transcript levels were observed in PVX-AV2-inoculated plants, though levels were increased up to 4-and 6-fold in PVX-AV2Δ10N-and PVX vector-inoculated plants, respectively. Interestingly, the expression levels of PR1, PR5 and NPR1 were highest in PVX-AV2-infiltrated leaves (Fig. 6a) . These results indicated that an increase in ROS is accompanied by upregulation of defence-related transcripts (PR1, PR5 and NPR1) followed by development of the systemic necrosis phenotype in N. benthamiana expressing the AV2 protein.
Total RNA was also isolated from DNA-A+DNA-B−, DNA-A∆AV2+DNA-B− and mock-inoculated S. lycopersicum plants at 21 dpi, and expression analysis of various genes involved in salicylic acid (SA)-based defence signalling was performed. Expression of the SA precursor isochorismate synthase (ICS1) was downregulated by 2-fold, whereas 2.9-fold upregulation in phenylalanine ammonia lyase (PAL) transcript levels was observed. Expression analysis of two important genes that act upstream of the SA pathway revealed upregulation of PAD4 (Phytoalexin-deficient protein 4) by 21-fold and downregulation of EDS1 (Enhanced disease susceptibility 1) by 2.4-fold. However, in DNA-A+DNA-B infiltrated plants, the genes NPR1, PR1 and PR5 were upregulated by 53-, 1.6-and 18-fold, respectively, and Cat2 was downregulated by 2.6-fold (Fig. 6b) .
Silencing of Cat2 promotes ToLCPalV infection and leads to development of necrotic lesions in N. benthamiana. Transient silencing of Cat2 was achieved using the Tobacco rattle virus vector (TRV), VIGS vector. At 10 dpi, N. benthamiana infiltrated with TRV2-PDS+TRV1 displayed a bleaching phenotype, confirming VIGS. Silencing of Cat2 was also confirmed by semi-quantitative PCR (Fig. 7a) , and Cat2-silenced plants displayed cell death-like symptoms (Fig. 7b) . At 10 dpi of the VIGS experiment, Cat2-silenced (TRV2-Cat2+TRV1) and vector control (TRV1+TRV2) plants were challenged with ToLCPalV, as a result the former (Fig. 7c) displayed severe symptoms in comparison to the latter (Fig. 7d) . Furthermore, qRT-PCR based relative quantification of AC1 and AV1 ToLCPalV genes using equal quantities of total plant DNA and specific primers was performed to determine viral DNA load. It was observed that silencing of the Cat2 gene resulted in higher accumulation of viral DNA compared with TRV-infiltrated plants (Fig. 7e) . Based on these observations, it is clear that silencing of the Cat2 gene enhanced the susceptibility of N. benthamiana to ToLCPalV infection and promoted cell death-like symptoms. (A∆AV2+B) at 21 dpi. The EF1α was used to normalize the transcripts. Asterisk on the top of the bars depict the statistical significant differences between mock and infected samples using Student's-T test(*(P < 0.05), **(P < 0.01) and ***(P < 0.001). All experiments were performed with three biological and technical replicates. 
Discussion
In plants, various defence mechanisms are critical for the defence against invading pathogens. Viruses that belong to the Begomovirus genus have been reported to cause dramatic economic losses 27 . As stated in the Introduction, the homologous V2 performs the role of a movement protein in monopartite begomoviruses. In bipartite begomoviruses, this function has been replaced by the BC1 protein of DNA-B, suggesting the origin of New World begomoviruses from Old World begomoviruses. The focus of the present study was therefore to decipher the role of the AV2 protein of ToLCPalV during disease establishment in N. benthamiana and S. lycopersicum. The PVX vector-based ectopic expression system has been developed to determine the pathogenicity of viral proteins 10, 17, 28, 29 . In our study, we found that the ectopic expression of AV2 via the PVX vector resulted in the formation of necrotic lesions on the N. benthamiana leaves. In this context, it has been previously demonstrated that certain domains of viral proteins are essential for pathogenicity 28, 30 . Similar necrosis-like symptoms were also observed in N. benthamiana overexpressing the TGB3 and polymerase domain of the RdRp protein of the pepino mosaic virus 31 . In the present study, we showed that 10 amino acids of the N-terminal region are essential for the development of necrotic symptoms, suggesting role in the symptom severity. Plants have developed several mechanisms to limit virus proliferation, and in such cases, the hypersensitive response (HR) or programmed cell death (PCD) are responsible for restricting spread of the virus. After viral invasion, plant cells undergo physiological changes, such as increased Ca 2+ levels, ROS generation, hormone signalling pathway activation, and localized PCD 32 . The transient expression of the AV2 protein resulted in appearance of necrosis phenotype in the upper systemic leaves of N. benthamiana. The cell death or necrosis-like symptoms on upper systemic non-inoculated leaves at later stages of infection, accompanied by altered expression of defence-related genes, ROS production and PCD has been recognized as systemic necrosis 3 . Previous studies have shown that both systemic necrosis and HR exhibit similar biochemical and physiological changes at cellular level. Unlike HR, systemic necrosis is observed in the later stages of infection and do not hinder virus multiplication, thereby leading to susceptible infection 33, 34 .Y2H screening and in vivo assays demonstrated that AV2 interacts with host SlCat2 (an enzyme present in photosynthetic tissue). Moreover, Cat2 gene expression was reduced in N. benthamiana transiently overexpressing the AV2 protein, suggesting that downregulation of Cat2 resulted in enhanced ROS levels accompanied by the appearance of necrotic lesions. These results also suggest that the AV2 protein might promote viral infection by reducing the levels of Cat2 transcript as well as CAT activity in the host. Previous studies shown that CMV infection also results in downregulation of the Cat3 gene, followed by systemic necrosis and enhanced virus accumulation in the host plant 35, 36 . Conversely, TGBp1 of pepino mosaic virus has been shown to interact with host Cat1, promoting viral infection, accompanied by reduced H 2 O 2 levels 37 . Infectivity analysis of ToLCPalV and mutant ToLCPalV (ToLCPalV∆AV2) in host plants revealed that presence of the AV2 protein is essential for downward leaf curling, leaf epinasty and interveinal chlorosis. Moreover, virus progeny sequencing revealed that the reading frame of the CP ORF is unaffected by truncation of the AV2 ORF. Furthermore, absence of viral DNA in leaf samples infiltrated with DNA-A lacking the AV2 protein (DNA-A∆AV2) indicated a role for AV2 in the systemic movement of DNA-A. The absence of viral dsDNA form in plants infiltrated with DNA-A∆AV2+DNA-B enabled us to speculate that expression of AV2 affect the accumulation of viral DNA, thereby reducing the multiplication of virus. These findings also suggested that DNA-B might have partially complemented the movement functions of AV2 protein. It has been already known that replication of begomovirus DNA utilizes the dsDNA intermediates via RCR and the accumulation of both ssDNA and dsDNA (oc and sc) is crucial for the multiplication of the virus 38 . In previous studies, it has been shown that mutations in AV2/V2 ORF alone did not affect systemic spread of the virus and instead reduced viral DNA accumulation 39, 40 . In contrast, a study revealed that mutations in AV2 lead to symptomless infection and reduced viral DNA accumulation during TYLCV infection 41 . We found that plants infiltrated with DNA-A∆AV2+DNA-B remained asymptomatic, and these results indicate that the AV2 protein is a determinant of symptom severity. In support of our findings, the nuclear shuttle protein (NSP) of tomato leaf curl New Delhi Virus (ToLCNDV), the V2 protein of TYLCJV, the BV1 protein of bean dwarf mosaic virus (BDMV) and the βC1 protein of TYLCChV has been reported to be associated with disease development in plants 18, 29, 42, 43 . In general, plants respond to biotic stress by accumulating PR proteins, which has been shown to play a significant role in activation of defence pathways. For example, induction of PR1 and PR5 transcripts has been associated with production of SA against the biotrophic fungus 44, 45 , and we found PR1, PR5 and NPR1 transcripts to be highly upregulated in plants transiently expressing the AV2 protein. Similar studies have been done which demonstrated that compatible interaction between plantago asiatica mosaic virus and its host involves PCD, leading to the systemic necrosis associated with induction of PR genes 34 . In another study, the expression of a stress marker (PR1) gene was induced during transient expression of a pathogenicity determinant protein (P25) from beet necrotic yellow vein virus 46 . Similarly, an interaction between a viral protein and necrosis-inducing factor (TuN1) of Arabidopsis thaliana caused necrosis in the plant, followed by expression of defence-related genes (PR1 and PR5) 47 . NPR1 exists as an oligomer in the cytosol. However, upon pathogen infection, it is reduced to a monomer and then transported into the nucleus to activate defence-related genes 48, 49 . As NPR1 is a positive regulator of SA signalling, we analysed the expression levels of genes encoding SA precursors in ToLCPalV-infected leaves. We found that PAL1 expression was upregulated during the ToLCPalV infection in S. lycopersicum, whereas expression of ICS1 was downregulated. ICS1 is known to contribute for the majority of pathogen induced SA accumulation in the infected host in comparison to PAL pathway 50 . EDS1 and PAD4 act upstream of the SA signalling pathway and act as positive feedback loop for SA induction. EDS1 also participates in the generation of the SAR signal both in proximal and distal tissues 51, 52 . However, we found that the EDS1 gene was downregulated and the PAD4 and NPR1 genes upregulated, indicating differential regulation of EDS1, NPR1 and PAD4 gene expression during ToLCPalV infection. Our results indicated that the downregulation of EDS1 might be compromising the induction of SA in virus infected host. A previous study also reported that CMV infection induces SA accumulation but that 2b protein of the virus overcomes SA-induced resistance 53 . Our previous study has demonstrated the localization of AV2 protein in both nucleus and cytoplasm of the host cell 54 . Based on these observations, we suggest that AV2 might serve as an elicitor for activating the SA pathway by altering the expression of defense related genes in nucleus as well as in cytoplasm of host. The development of typical virus symptoms in the presence of AV2 indicates that it also could be one of the viral proteins responsible for symptom severity.
In the present study, the AV2 protein was able to suppress silencing of the PDS gene, and western blot analysis of infiltrated plants revealed that AV2 was present in the dimeric form. AV2 also showed transactivation activity and interaction with its own in yeast. Although AV2 can exist as monomers, homodimers and homo-oligomers in vitro, the presence of AV2 protein dimers in vivo suggest that suppressor activity is also associated with the dimeric form. Previous studies have also shown that suppressors of gene silencing, such as the 2b protein of cucumber mosaic virus (CMV) and the AC2 protein of mungbean yellow mosaic virus (MYMV), also possess transactivation activity 8, 55 . It has long been known that viruses employ pathogenicity determinant/factors for disease induction in susceptible hosts by interacting with host proteins. For instance, the βC1 protein of begomovirus betasatellite acts as an RNA suppressor and pathogenicity determinant; overexpression of βC1 leads to developmental aberrations in the host [56] [57] [58] . The results of ToLCPalV challenge in Cat2-silenced benthamiana leaves revealed their enhanced susceptibility, which indicates that Cat2 could be an important host factor targeted by the virus for successful infection. Interestingly, Cat2-silenced N. benthamiana plants developed necrotic lesions similar to leaves expressing AV2 protein. Similar results were obtained in Cat1-deficient tobacco during pathogen stress 59, 60 . Based on these observations, we propose that AV2 could act as multifunctional protein during ToLCPalV infection which is explained through a model (Fig. 8) . AV2 predominantly exists as dimers and acts to suppress the host's RNA silencing machinery. AV2 overexpression results in downregulation of the Cat2 gene, which might be due to interaction between the AV2 and host Cat2. Downregulation of the Cat2 gene might lead to higher accumulation of ROS and PAD4 transcripts, which further primes SA production. SA creates a reducing environment that favours conversion of oligomeric NPR1 into monomers and promote their transport to the nucleus. Expression of NPR1 activates accumulation of PR1 and PR5 transcripts. AV2 expression in the host results in activation of SA signalling pathways; however, it appears that downregulation of the EDS1 gene might result in disease susceptibility during viral infection. In conclusion, our study demonstrates that AV2 targets a host protein to establish the viral infection. Further investigations are required to understand the alterations of cell environment which favour virus replication, multiplication and spread. For the ToLCPalV∆AV2 construct, primers were designed to amplify DNA-A lacking 153 nt (51 aa) of the AV2 gene without affecting the reading frame of the CP gene (Supplementary Fig. 6a) . A 1.4-mer tandem repeat of DNA-A∆AV2 was cloned into the pCAMBIA1300 vector ( Supplementary Fig. 6b ). All recombinant plasmids (DNA-A, DNA-B and DNA-A∆AV2) were transformed into agrobacterium strain LBA4404 61 . Positive agrobacterium colonies were grown and resuspended in 2-morpholinoethanesulfonic acid (MES) buffer (pH 5.6); culture at OD 600 = 0.8 was infiltrated into N. benthamiana and S. lycopersicum leaves using a needleless syringe. All experiments were performed twice in triplicates.
Materials and Methods

Plant
Cloning of full-length and mutant AV2 genes into the PVX vector. AV2 full-length (366 bp) and N-terminal-deleted (336 bp) mutant genes were amplified and cloned in pGR106 (PVX vector; http://www. plantsci.cam.ac.uk/) at NotI and SalI sites to generate PVX-AV2 and PVX-AV2∆10N constructs, respectively. Agrobacterium strain GV3101 was transformed with the PVX, PVX-AV2 and PVX-AV2∆10N plasmids and infiltrated into N. benthamiana at OD 600 = 0.5.
Stable expression of ToLCPalV AV2 in N. benthamiana. AV2 was cloned under control of the CaMV35S promoter in the pCAMBIA1302 vector and transformed into agrobacterium strain LBA4404. N. benthamiana was transformed with agrobacterium culture using the leaf disc method 62 . Empty pCAMBIA1302 vector-transformed plants were used as the vector control. Regenerated transgenic plants were shifted in the soil, and phenotypes were observed under greenhouse conditions. Overexpression of AV2 in bacteria and antiserum production. To raise an AV2 antiserum, the viral gene was cloned in the pHIS parallel (provided by Dr. Peter Sheffield, University of Virginia (UVA)) expression vector at the EcoRI and XhoI restriction sites. AV2 protein expression was induced with 0.3 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) for 4 h at 28 °C. Proteins were purified using Ni/NTA affinity chromatography and eluted with 250 mM imidazole buffer. For antiserum production, 500 mg purified AV2 protein and an equal volume of complete Freund's adjuvant was injected into white New Zealander male rabbits for three consecutive weeks. For the booster dose, 1 mg of purified protein was emulsified with Freund's incomplete adjuvant, and after 6 weeks, blood was taken from the marginal ear vein. Serum was collected, and IgG was purified using an IgG extraction kit (Bangalore, Genei, India).
Southern blot and western blot analysis. Total DNA from N. benthamiana was isolated using CTAB reagent and treated with RNAase (Thermo scientific, USA). DNA was purified by Phenol: Chloroform: Isoamyl (PCI) extraction. For southern blotting, ten micrograms of total plant DNA was loaded on to 0.8% 1xTAE agarose gel and transferred to nitrocellulose membrane 63 . For detection of viral DNA, coat protein gene was used as probe and labeled with DIG-High Prime DNA labeling kit (Roche diagnostics, Germany). Membrane was hybridized with probe and detection was performed by CDP-star (Roche diagnostics, Germany). Protein extraction was done by pulverizing the leaves in liquid nitrogen and homogenized to fine powder. To this, 200 µl protein extraction solution (40 mM tris (hydroxymethyl)aminomethane hydrochloride (Tris-HCl) pH-7.4, 300 mM sodium chloride (NaCl), 5 mM magnesium chloride (MgCl 2 ), 2 mM ethylenediaminetetraacetic acid (EDTA), 4 mM dithiothreitol (DTT), 0.5% Triton X-100, 1 mM phenylmethylsulfonyl fluoride (PMSF), 5% Glycerol and protease inhibitor cocktail) was added, samples were boiled for 5 minutes and subsequently loaded on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Electrophoresed protein samples were transferred to polyvinylidene difluoride (PVDF) membrane (Merck Millipore, USA) and detection was done by AV2 antiserum.
Detection of ROS species. Hydrogen Yeast two-hybrid assay. For Y2H assays, full-length and N-terminal mutated AV2 gene fragments were amplified using primer pairs carrying EcoRI and XhoI sites (Supplementary Table 1 ). Amplicons were cloned in the pGEMT ® -T easy vector (Promega, Madison, US). Recombinant plasmids were further digested with EcoRI/XhoI, and the fragments were ligated into the pEG202 vector to generate LexA-AV2 fusion constructs. A tomato cDNA library was cloned into the pJG4-5 vector and fused with the B42 acid blob activation domain (B42) obtained from Dr. Yedidya Gafni, Volcani, centre Bet Dagan, Israel. Yeast transformation was carried out using the lithium acetate/Polyethylene glycol (LiOAc/PEG) method. Both LexA-and B42-fusion constructs were co-transformed in yeast strain EGY48, and colonies were selected on yeast nitrogen base galactose (Clontech, TakaraBio, Japan) plates lacking uracil, histidine, tryptophan and leucine (YNB (gal) -ura -trp -his -leu). Interaction selection was achieved by patching yeast colonies onto YNB (gal) -ura -trp -his -leu plates. Positive interactions were further confirmed by β-galactosidase activity by β-X-gal overlay assay. Since, LexA-AC4 and B42-SlOEE interacts in yeast (unpublished data); used as positive control while pHRFM1 (bicoid homeodomain) used as negative control in this study. On the basis of the Y2H data, full-length interactors were amplified from the tomato cDNA library using Phusion high-fidelity DNA polymerase (NEB labs, USA) and subsequently cloned into the pJET2.1 vector (Thermo Scientific, USA). Full-length interactor was further cloned into pJG4-5 to confirm the interaction observed in the Y2H assay.
In vivo pull-down and the BiFC assay. To confirm Y2H interactions, genes encoding interactor proteins were cloned in the BiFC vectors pSPYCE(M), pSPYCE(MR), pSPYNE(R)173 and pSPYNE173 (a kind gift from Prof Jorg Kudla, Germany). The AV2 and SlCat2 genes were amplified using the SpeI/XhoI primer pair (Supplementary Table 1 ). AV2 was cloned into pSPYCE(M) and pSPYCE(MR) vectors to produce AV2-cYFP and AV2-nYFP fusion, respectively. Similarly, SlCat2 was cloned into pSPYNE(R)173 and pSPYNE173 to produce Cat2-nYFP and Cat2-cYFP fusion, respectively 66 . All BiFC constructs along with P19 suppressor (pBIN-P19) were introduced into N. benthamiana using agrobacterium strain GV3101. After 72 hours, emission of YFP fluorescence was detected at 514 nm excitation and 530-600 nm emission by confocal microscopy (Zeiss, Germany).
For in vivo pull-down assays, total plant protein was isolated from infiltrated leaves (AV2-HA+SlCat2-cMyc, SlCat2-cMyc+AC4-HA andAV2-HA-SlOEE-cMyc). Leaf samples were homogenized in protein extraction buffer (50 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid-KOH (HEPES), 5 mM (EDTA), 1 mM (DTT), 10 mM sodium orthovanadate (Na 3 VO 4 ), 5% glycerol and protease inhibitor). Protein samples were clarified by centrifugation, and 200 µg of protein extract was incubated with 2 µg of an anti-HA antibody (Clontech, Takara Bio, Japan) for 6 hours. Protein immunocomplexes were allowed to bind to sure bead protein G magnetic beads (Bio-Rad, USA) for 10 hours on a rocker at 4 °C. Elution of the immunoprecipitation products was completed in 1X Laemmli buffer, followed by incubation at 70 °C for 10 minutes. The eluted protein complexes were separated by 10% (SDS-PAGE), transferred to a PVDF membrane and blotted with an anti-cMYC antibody (Clontech, Takara Bio, Japan).
Protein structure and interaction predictions. The amino acid sequences of Cat2 (LN880542) and AV2 (AM884015) were used to determine the protein structure through an ab initio modelling procedure using the I-TASSER server 67 (http://zhang.bioinformatics.ku.edu/I-TASSER/). I-TASSER structural modelling is based on multiple threading alignments and iterations. Native structures are predicted on the basis of the highest confidence score (c-score). Structural similarity was measured by template modelling (TM-score) and the root-mean-square deviation (RMSD).
Docking studies were performed using a Hex protein docking server (Hex 8.0.0) with default values 68 (http:// www.loria.fr/ritchied/hex/). For docking studies, a 3D model of Cat2 was used as the receptor, and AV2 was used as the ligand. Both these inputs were loaded into the Hex program, and docking was carried out with the default parameters. For better representation, the Hex output was altered in PyMOL 69 (https://www.pymol.org/ view), and the colour scheme of both receptor and ligand was changed. The amino acids involved in the interaction between these two proteins, mediated by hydrogen bonds and hydrophobic contacts, was determined by . Potentially involved hydrogen bonds are indicated by solid blue lines, and salt bridges are indicated by solid red lines between the residues involved. Non-bonded contacts are denoted by dashed orange lines.
Yeast two-hybrid assay for AV2 protein self-interaction. A Y2H assay based on a split ubiquitin system was used to assess the self-interaction of AV2 protein. AV2 was cloned into bait (pDHB1) and prey (pPR3N) vectors at the SfiI site (Dualsystems AG, Switzerland). pDHB1-AV2 and pPR3N-AV2, pNubG-Fe65 and pTSU2-APP (positive control) and pDHB-AV2 and pPR3N (auto activation control) were co-transformed into yeast strain NMY51. Colonies were grown on YNB (glucose) selective medium supplemented with 10 mM 3-AT and but lacking adenine, leucine, tryptophan and histidine (-ade -leu -trp -his).
Total RNA extraction and real-time PCR analysis. Total RNA was isolated from infected N. benthamiana leaves at different time points using the iRIS method 71 . Genomic DNA in the samples was digested with DNAase I (Thermo Scientific, USA). The concentration and purity of the RNA was determined using a Nanodrop 2000 (Thermo Scientific, USA). For first-strand cDNA synthesis, 2 µg of RNA was mixed with oligo-dT primer (New England Biolabs, USA) and briefly incubated at 70 °C for 5 minutes and then chilled on ice. Next, 40 mM dNTPs (10 mM each of dATP, dGTP, dTTP & dCTP), 5X M-MLV reaction buffer and enzyme (100 units) were added (Affymetrix, Santa Clara, USA). The tubes were kept at 37 °C for 75 minutes, and the enzyme was deactivated at 80 °C for 5 minutes in a thermocycler (Bio-Rad, USA). The primers used in this study were designed using Primer express 3.0.1 software (Life Technologies, USA), as described in Supplementary Table 1 . qRT-PCR was performed using the Mx3000P TM Real Time PCR system (Agilent Technologies, Santa Clara, USA) with 1:10 diluted cDNA, 0.2 µM forward and reverse primers and 1X DyNAmo Flash SYBR Green (Thermo Scientific, USA) in a final volume of 30 µl. The following thermal profile was used: 95 °C for 10 min followed by 40 cycles of 95 °C for 30 s, 60 °C for 30 s and 72 °C for 30 s. The reactions were set up in triplicate, and EF1α was used as an internal control 72 . A melting curve was generated for verification of primer specificity. All qRT-PCR reactions were performed with three biological replicates and three technical replicates. Data were analysed by normalizing Ct values to the internal control (EF1α) using the 2 −ΔΔCt method 73 .
Statistical analysis of the data. Up-or downregulation of genes was considered on the basis of a ≥2-fold or <0.5-fold change in expression. To plot figures, the mean values of relative expression with respect to uninoculated controls were used. The standard error of three biological replicates is represented by the error bars. Student's t-test was performed to identify statistical significance for gene expression between samples for each pair (mock and infected), with significant *(P < 0.05), highly significant **(P < 0.01) and very highly significant ***(P < 0.001) differences.
TRV based gene silencing in N. benthamiana. The TRV vector and silencing controls for the silencing of Cat2 in N. benthamiana were procured from Dr. Dinesh Kumar lab, UC Davis, USA. For reversal of gene silencing, AV2 was cloned into the pTRV2 vector. The Phytoene desaturase (PDS) gene of N. benthamiana was cloned into the pTRV2 vector and used as the silencing control. The P19 gene (suppressor) was cloned into the TRV2 vector at BamHI and XhoI sites. For suppression of VIGS, equal ratios of TRV2-AV2+TRV2-PDS+TRV1, TRV2-P19+TRV2-PDS+TRV1 (suppressor control) and TRV2-PDS+TRV1 (VIGS control), agrobacterium cultures were infiltrated into N. benthamiana. The plants were kept in an insect-free growth chamber maintained at 23 °C under a 16-h light/8-h dark photoperiod, 65% relative humidity and 100 μmol/m 2 /s light intensity. For silencing of Cat2, approximately 300-bp fragments of Cat2 were chosen for silencing using the SGN VIGS tool 74 . An approximately 300-bp Cat2 fragment was cloned into the TRV2 vector at the EcoRI and XhoI sites. TRV2-Cat2, TRV1, and TRV2-PDS were agroinfiltrated into N. benthamiana as described above. Plants were challenged with ToLCPalV infection at 10 dpi of the VIGS experiment. For relative quantification of ToLCPalV in the samples 75 , primers complementary to AC1 and AV1 gene regions were designed. Total plant DNA of the above samples was used as the template in real-time PCR and the relative amount of virus present in the samples was calculated using the 2 −∆∆ct method 73 . EF1α was used as reference gene in the present study because it shows high expression stability in N. benthamiana upon virus infection Ethical Approval And Informed Consent. For raising antisera, rabbits were used after approval from the Institutional Animal Ethics Committee under Committee for the purpose of control and supervision of experiments on animals (CPCSEA).
